INTRODUCTION
Climate change has the potential to significantly affect national and regional economies. Climate impacts on ecosystems and human activities are the basis for the 5-sector physical classification used in the US National Assessment (see Fisher et al. 2000, in this issue) . Although the assessment of physical impacts is an imperative first step, an economic analysis is equally important. First, a translation of physical impacts into dollars provides a convenient basis for comparison of impacts and a bottom-line unit of account.
1 Second, the ultimate welfare effects of the physical impacts of climate change depend on economic choices made from available response options.
Moreover, the interdependence of economic activity implies that climate impacts would extend far beyond resources, activities, and regions where physical effects are initially observed. For example, damage to one sector may decrease the quality or quantity of its services to others, which in turn affects still other sectors in terms of inputs, outputs, incomes, and prices. These economy-wide multiplier and other general equilibrium effects have been found to be several times the size of direct impacts, on either the positive or the negative side (see, e.g., Rosenberg 1993). Furthermore, these impacts are likely to spill over regional boundaries. A prerequisite to understanding the regional impacts of climate change is an understanding of the economy in which they take place, including its relation to other regions.
This paper presents an analysis of the current MAR (Mid-Atlantic Region) economy in terms of its direct and indirect vulnerability to climate change and in terms of its ability to affect or to be affected by other regions. First, we introduce economic models that we believe to be most useful for these purposes. Second, we provide an overview of the MAR economy in terms of features that influence its vulnerability and resiliency, such as its sectoral composition, internal and external interdependence, and sub-regional character. Third, we illustrate the usefulness of one of these models by analyzing some impacts of potential Forestry sector productivity losses on the MAR economy. We conclude with a brief summary of on-going work to develop a model that overcomes many of the methodological limitations identified in the course of our analysis. 
MODELING APPROACHES
In this section, we describe 2 related economic methodologies that provide insight into the workings of the MAR economy and that can be used to simulate the regional effects of long-term climate change or short-term climate variability. These models are in a class of multi-sector, macroeconomic models focusing on general economic interdependence or general economic equilibrium. The multi-sector feature is important because of sizeable differences between segments of the economy in terms of vulnerability. The macroeconomic feature means the models are comprehensive. The interdependence and equilibrium features capture chain reactions of impacts.
Input-output analysis
In its most basic form, input-output (I-O) is defined as an operational, static, linear model of all market purchases and sales between sectors of an economy, based on the technical relations of production. Several decades of refinement since its initial development by Nobel laureate Wassily Leontief, however, have led to the ultimate form, defined as a dynamic, non-linear model of all purchases and sales between sectors and institutions of an economy or economies, based on the technical relations of production and other important quantifiable variables (Rose & Miernyk 1989 ). This version is unwieldy from a computational standpoint, but the computable general equilibrium modeling approach described below encompasses nearly all of the capabilities of the ultimate I-O version and in a more manageable fashion.
Basic I-O models are the most widely used tools of regional economic impact analysis today. Moreover, they have been used in some prominent climate impact analyses, such as the MINK study (Rosenberg 1993) , which analyzed direct and indirect climate impacts on agriculture, forestry, water, and energy in 4 midwestern states of the US. The basic production relations of an I-O model are comprehensive with respect to all inputs, not just primary factors (capital and labor), so these models are especially useful in evaluating resource-use implications of economic trends and policies (Rose et al. 1994 ). In addition, linear and even nonlinear pollution relationships can be incorporated or appended to them so that waste flows and other 'environmental indicators' can be readily estimated (Duchin & Lange 1994 ). However, a major limitation of most I-O models is the inability to analyze price and quantity impacts simultaneously.
Bowes & Crosson (1991) stated that: '…it can be awkward to use the input-output model to assess changes that are driven by productivity and cost changes on the supply side. For these reasons, the input-output models are not ideally designed to deal with natural resources.' However the supply-side variant of the I-O model (discussed and applied below) can overcome this limitation.
Computable general equilibrium analysis
The inherent linearity of the more basic I-O models and the absence of market and price considerations have caused analysts, especially at the national and international levels, to favor computable general equilibrium (CGE) models. These are multi-market simulation models based on the simultaneous optimizing behavior of individual consumers and firms, subject to economic account balances and resource constraints (Shoven & Whalley 1992) .
With only a few exceptions (see, e.g., Scheraga et al. 1993 , who examined the general equilibrium impacts of climate-induced increases in agricultural production costs, electricity rates, and coastal protection measures), most of the climate-related applications of CGE models have been to mitigation policy (see, e.g., , Kamat et al. 1999 ), but recent applications have included impacts of short-term climate variability in the form of riverine flooding (Rose et al. 1999 ) and longer-term climate change primarily affecting agriculture and health (Abler et al. 1999 ). Moreover, advances are being undertaken to incorporate non-market inputs and environmental amenities (see, e.g., Smith & Espinosa 1996 , Oladosu 2000 . The use of I-O and CGE models is not necessarily mutually exclusive. The production sector database of a CGE model is typically an I-O table, and in most cases the fixed-input requirement (i.e., lack of input substitutability) is carried over for intermediate goods. The production sector classification is also similar. 
Strengths and weaknesses
The strengths of I-O and CGE models include their disaggregation, which is readily able to delineate climate-sensitive sectors; the comprehensive accounting of resource inflows, which helps determine the economy's carrying capacity needs; the general equilibrium nature, which is able to trace multiplier or feedback effects; the technological basis, which provides a solid grounding in production requirements; the socioeconomic dimensions, which offer the capability to perform distributional impact analysis; and the empirical orientation, which provides an immense data and computational software base.
The major weakness of these models is their lack of standard statistical properties. Regional I-O models are usually based on non-survey (secondary) data techniques whose general reliability has been evaluated, but whose application to individual models has not (see, e.g., Jensen 1980) . Even those based on primary data samples use the ratio estimator, which has relatively poor statistical properties (Gerking 1976) . CGE models are typically based on an underlying downscaled I-O table and social accounting matrix (SAM), an expansion of production accounts to include institutions. Moreover, several additional parameters, such as input and import substitution and elasticities, are almost always based on values gleaned from the literature, which means they are usually transferred from another region or the national level, often ignoring unique regional characteristics. These models can, however, more readily incorporate technological change than can standard, time-series-based econometric models, which typically extrapolate the past.
ECONOMIC DOWNSCALING
The extensive detail of I-O and CGE models is one of their strengths, but also one of their liabilities when it comes to model construction. For example, what are called 'benchmark' I-O tables are prepared every 5 yr by the US Department of Commerce based on a full census of businesses throughout the nation, followed by extensive tabulations and reconciliations of data at a cost of 10s of millions of dollars. Originally, this 'deterministic' approach was thought to be the only legitimate way to build an I-O table (see, e.g., Leontief 1949) . However, because the census data are not available at the sub-national level, regional analysts were faced with having to duplicate the data collection process at a cost of several million dollars to build a model for even a small state.
The first innovation was to use a sampling procedure, but even this was costly and time consuming (see, e.g., Miernyk et al. 1970) . Such approaches are termed 'data-reduction' methods, the most popular of which has become adapting data from a national table to the regional level (see, e.g., Miller & Blair 1985) . In effect, this is a type of 'downscaling' analogous to that undertaken for climate models in other papers in this Special.
The majority of these downscaled I-O tables assume that input combinations to produce a given output in the region (i.e., the production technology) are representative of the nation as a whole. The first approximation then has the region as a scaled-down version of the national economy. The second modification, however, is to distinguish inputs produced in a region versus those imported from elsewhere, since only the former category is capable of generating multiplier effects. Here, some heroic assumptions are involved to make use of control totals on regional supply and demand, the most notable being 'no cross-hauling,' which stipulates that a region either exports a good or imports a good but not both. This is realistic when a region is small in area and isolated, or when sectoring is at a fine level of detail, e.g., 4-digit SIC (Standard Industrial Classification) codes. 4 The most unrealistic extension of this assumption is that if the region as a whole imports 20% of an input then each sector's use of this input will be 20% imports and 80% regional production.
Of course, some of the limitations of the non-survey approaches can be overcome by the collection of pri-177 mary data, which can readily be inserted into the regional I-O model. Several methods have been devised for maximizing the effectiveness of such an effort, but they generally emphasize attention to large sectors, those with the greatest indirect linkages to others, or those that are the focus of attention by the analysts (see, e.g., West et al. 1984) . We essentially follow the latter emphasis by integrating survey-based and published data to improve the accuracy of the I-O model for sectors such as Agriculture, Forestry, Tourism, etc.
The I-O data we use in the study are obtained from the Impact Analysis for Planning (IMPLAN) System, which was developed by the US Forest Service, Federal Emergency Management Agency, and several other federal government agencies. IMPLAN consists of an extensive national and regional database, algorithms for generating non-survey I-O tables for any county or county grouping in the US, and algorithms for performing impact analyses (IMPLAN 1997 ). This system is based on the best of the I-O data reduction methods, and is the most widely used regional model construction package in the US. One of the major reasons for using I-O analysis and the IMPLAN System is to provide the many other researchers that will be involved in climate change impact analysis in the years ahead with a methodology that can readily be replicated.
THE MAR ECONOMY

Regional economic structure
The MAR contains 5% of the land area of the contiguous US and 15% of the nation's population. In 1995, the MAR gross regional product (net output) was $915.2 billion, and total gross output was $1.67 trillion, or about 13% of the national output (IMPLAN 1997) . Sectoral contributions (aggregated to the 1-digit SIC level) and intersectoral linkages are depicted in the I-O table of the MAR economy (Table 1) .
5 Entries in a given row represent sales from the sector labeled in the left-hand headings to sectors labeled in the top headings. Entries in a given column represent purchases by a given sector from all other sectors. Total sales (gross output) equal total purchases (gross outlays) for each sector. The most important sectors of the MAR economy are Manufacturing and Services, All these economic activities would experience some direct effects from climate change in the region. Increased severity and frequency of extreme weather events would disrupt most economic and human activities. Manufacturing, Mining, Utilities and Agriculture would specifically be affected by sustained changes in water resources. Land resource changes, flooding and sea-level rise have important implications for Agriculture, as well as Forestry and Real Estate sectors. Climate-induced productivity changes due to alterations in soil and CO 2 fertilization effects would also be reflected in the costs of agricultural production. In addition, the effects of climate change on labor and capital migration in the MAR has the potential to affect its economic competitiveness.
The I-O table of the MAR economy displays strong intersectoral linkages that would spread direct climate impacts throughout the MAR. All industries except Agriculture and Mining purchase between 50 and 80% of their intermediate inputs from regional industries. Manufacturing is the most prominent intermediate consumer of goods and services produced in the regional economy, using about 20% of total Agriculture and Utilities outputs, as well as about 10% of its own output. The strong interdependence between sectors means that climate change impacts will not be confined to the directly affected sectors, but will generate ripple or multiplier effects throughout the MAR. For example, climate-change-related damage to trees in the MAR would affect not only the Forest Products sector but also the Paper & Paper Products sector. Lower output in the latter sector would touch off a decrease in orders for goods and services to direct and indirect suppliers outside the Forest Industry grouping. Decreased profits and worker layoffs would result, reducing income and setting off more multiplier effects for the MAR. Thus, although climate-sensitive sectors such as Agriculture & Forestry represent only about 1% of the direct economic activity in MAR, damage to them can spread through successive chains of upstream and downstream linkages both within and outside the MAR. The size of these multiplier effects will be explored in the following section.
The MAR economy is an open one, with total imports representing 32% ($540.1 billion) of the total gross output and exports representing 28% ($467.6 billion) of the total (see Table 1 ). Agriculture, Mining, and Manufacturing are the major exporters in the MAR economy, each shipping between 60 and 80% of its outputs elsewhere. The major import sectors on a percentage basis are Mining, Agriculture, and Manufacturing as well, though of different individual commodities than the exports within these 1-digit SIC aggregates. The high import and export trade volume means that climate impacts on sectors within the MAR economy could affect other regions through changes in the price or availability of goods and vice versa (see, e.g., Sohngen & Mendelsohn 1999, who analyzed trade impacts on the US timber market stemming from climate change).
Physiographic sub-regional economies
Four different physiographic regions can be identified within the MAR: Coastal Plain, Piedmont, Ridge and Valley, and Plateau. The contributions to the MAR total gross output from these sub-regions are $611 billion, $511 billion, $190 billion, and $360 billion, respectively. Although a structural comparison of gross outputs of individual sectors indicates little variation across the sub-regions, differences in their vulnerability to climate change would lead to different subregional economic effects. The Coastal Plain would be the most vulnerable to sea-level rise and increased extreme weather events (see Najjar et al. 2000, in this issue) . This means that sectors such as Real Estate and Tourism would experience larger impacts than other sectors in the Coastal Plain, and also larger impacts than their counterparts in other sub-regions. Thus, climate change impacts may result in both a change in the distribution of MAR output among the sub-regions, as well as structural changes in economic activities within them.
ILLUSTRATIVE ECONOMIC IMPACTS OF CLIMATE VARIABILITY
Basic considerations
To illustrate the strengths and limitations of the I-O modeling approach, we simulate some of the potential economic impacts from climate variability affecting mid-Atlantic forests. Two prerequisites are needed to perform such an analysis: (1) a more detailed characterization of the impacted sectors than is presented in Table 1 , and (2) a set of direct sectoral impact estimates. 179 6 The relative prominence of the Manufacturing sector and a fuel balance analysis (Kamat & Rose 1997) indicate that the MAR is a relatively large contributor to GHG emissions for an economy of its size
The full-scale MAR I-O model consists of 55 sectors with a high degree of resolution for climate-sensitive ones. Forest-related sectors are not limited to those primary activities within SIC 1 (Agriculture & Forestry) but also include downstream processing components within SIC 4 (Manufacturing). The nine 4-digit SIC forest-related subsectors are presented in Table 2 . The group is dominated by Paper & Paper Products, whose gross output of $20.972 billion comprises 50% of the $41.827 billion total gross output of the entire group. Note also that the forest-related sectors have a stronger economic linkage with the rest of the US and foreign countries than the average of sectors within MAR. The $21.3 billion of exports amounts to 51% of these sectors' production, and the $11.2 billion of imports amounts to 27% of their production.
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Estimates of direct climate impact variability were obtained from a survey of over 300 forest managers in the MAR (see DeWalle & Buda 1999) . The questionnaire focused on the forest impact of extreme weather events, such as high winds, high and low rainfall, heavy snowfall, and ice storms. The results indicated average production cost increases for the primary stages of the forest product chain (Forest Products, Forestry Products, and Logging Camps & Contractors) of 5.2% for just the extreme instances that took place 1 or more times over the past 10 yr. 8 Our simulations are based on a projection that such extreme events could potentially become commonplace, i.e., take place on an annual basis in the future, admittedly a high-end estimate.
Region-wide impacts
We calculated 3 types of impacts using the MAR I-O model:
(1) Demand-driven multiplier impacts. These are the standard I-O multipliers that measure the upstream Economic interdependency with the rest of the US stems from the fact that the MAR borders other regions with extensive forest resources, and hence many mid-Atlantic businesses may be closer to suppliers and customers in other regions than to suppliers and customers within MAR itself. It also stems from the uniqueness of some resources, e.g., hardwoods, which have a broad export market both domestically and internationally. Finally, although disaggregated to the 4-digit level, the classification still obscures the production of specialty products, found, e.g., in wood furniture and printing, which are typically not self-contained with any one region 8 Forest Products and Forestry Products both relate to timber growth, but differ in that the former pertains to traditional forests, while the latter refers to large-scale business cultivation. Note that the direct impacts differed by tree species and by sub-region, information that can be incorporated in analyses at a higher degree of resolution stimulus to the MAR economy through the chain of suppliers to each affected forest-related subsector.
(2) Supply-driven multiplier impacts. These measure the downstream stimulus to the MAR economy through the chain of customers of each affected subsector.
(3) Price impacts. These measure the cost-push inflation for the MAR economy as a result of productivity losses in each affected sector.
This analysis represents an advance over the MINK I-O study of forest impacts (Bowes & Sedjo 1998) in that it more fully analyzes the upstream impacts of decreased forest exports and considers a more extensive set of downstream supply impacts within the region.
Before presenting the results, we note 2 important considerations. First, while demand-driven multipliers are well established, the supply-driven counterpart is a subject of some controversy because it is based on the premise that supply creates its own demand (see, e.g., Oosterhaven 1988 , Rose & Allison 1989 . In our context, a literal interpretation would be that businesses using forest-related products would reduce their own production somewhat for lack of availability of these inputs. Of course, there is always the possibility of utilizing imports if other regions are not affected as greatly as the MAR. To a lesser extent, it may be possible to substitute other inputs for forest-related ones. Hence the supply-driven multipliers are likely to overstate the impacts. Second, both the quantity and price multipliers fail to take into account the negative impacts on other regions of the US, which in total could be equal in magnitude to, though far lower in percentage terms than, the impacts in the MAR.
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Economic impacts of climate change depend on a range of considerations relating to supply and demand elasticities and the ability to shift production changes backward onto factor markets or forward onto other product markets. Estimates of these considerations vary, and, in the complete analysis (Cao 1999), sensitivity tests are performed for groups of lower-bound, upper-bound and mid-range values. Here we present a set of upper-bound estimates, which are useful in deciding whether further study or policy-making is warranted, i.e., if the upper-bound estimates do not pass the threshold of significance, then it is not necessary to fine-tune the analysis or to take action. These upper-bound estimates are based on a price elasticity of supply equal to 1.0 and a price elasticity of demand equal to -1.0 for the directly affected sectors. We also assume that half of the 5.2% cost increase is absorbed by producers and half is passed on to customers.
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These factors translate into a direct output decrease of $62.9 million (see Table 3 , column 1). The total (direct, indirect, and induced) demand-driven impacts are projected to result in a $98.4 million decrease in gross output for the MAR economy as a whole. Only 45% of the indirect impacts (the difference between entries in column 2 and column 1 of The supply-driven analysis involves the same basic assumptions and direct impacts but yields significantly larger total impacts, amounting to -$150.1 million (see column 3 of Table 3 ). Here, however, most of the impacts are contained within the grouping of forestrelated sectors themselves -these are the sectors in which a restriction in timber supply is most severe. With respect to other sectors, Construction suffers the majority of the indirect impacts. Note also that the supply-driven impacts can be muted by an increase in imports (in fact the percentage offset in the direct and indirect impacts would be equal to the percentage level of the import replacement). Although a greater reliance on imports would appear to be an obvious adaptation, this may be difficult if other supplying regions are impacted by climate variability at a level equal to or greater than the MAR.
Recall that, based on the DeWalle & Buda (1999) results, we assigned half of the weather-induced cost increases to the 3 affected sub-sectors, which translated into 2.6% direct price increases. Total price impacts for the MAR economy are presented in column 4 of Table 3 and indicate that cost-push inflation is minimal for them and for the forest-related grouping as a whole. The highest indirect impact is projected to be sustained by Sawmills at 0.7%, almost as high, e.g., as the indirect impacts for Logging Camps & Contractors of 0.8% (3.4% total price increase minus the 2.6% direct price increase). Moreover, the price impacts for every sector outside the Forest group are less than 0.05%.
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The output impacts appear significant in absolute terms, but might appear insignificant in relative terms, since they represent a gross output reduction for the MAR of only 0.0055 and 0.0083% for the demand and supply cases, respectively. Moreover, the demand-driven and supply-driven impacts are not purely additive 181 19 This conclusion concerning magnitudes is based on comparison of MAR output multipliers with US National I-O multipliers in the IMPLAN System 10 The higher prices are modeled by adjusting forest-related input coefficients, and the absorbed costs are modeled by adjusting value-added coefficients to reflect lower profits 11 The relationship between total and direct impacts yields an implicit multiplier of 1.34. The output multipliers of the 3 forest-related sectors is in fact a weighted average of 1.7. The difference stems from the fact that forest sector input and value-added coefficients have been changed as well (see the previous footnote) since they both include the same direct impacts, and thus $62.9 million, or 0.0035%, must be subtracted to avoid double-counting. However, the direct effect of a 5.2% output reduction (productivity loss) in forestrelated sectors is likely to substantially reduce profit margins, thus forcing business closures beyond those estimated by the I-O model. On the supply-side, not only are several forest-related sectors impacted significantly, but so are sectors such as Construction, whose output is projected to decrease if it could not import replacements or if wood substitutes were not feasible or not available. Moreover, given the fact that forestry activity is not spread uniformly throughout the MAR, the relative impacts for some sub-regions are likely to be several times those presented above.
13
Again, we note that the results presented here represent an upper bound on possible region-wide economic impacts of forest productivity losses due to short-run climate variability. They overstate impacts on the supply side if input and import substitution possibilities are extensive, though the former is limited in the short run and the latter in the long run (if forests in other regions are damaged). The demand-side impacts should, however, be reasonably accurate since decreased forest production (either through direct damage or higher prices) will result in decreased production of upstream inputs directly and indirectly. 
ONGOING RESEARCH
The authors are in the process of constructing a computable general equilibrium model for the MAR patterned after the one developed for the Susquehanna River Basin (see Oladosu 2000) . It consists of 55 sectors, delineated to highlight the sensitivity of production activities to climate change and policies in the MAR. It embodies optimizing behavior on the part of consumers and producers in response to price signals. Production technologies are specified as multi-level constant elasticity of substitution (CES) functions, which allows input substitution possibilities to differ across input combinations (e.g., it is typically easier to substitute capital for labor than materials for labor). Consumer decisions are modeled in terms of a household production function, which facilitates the consideration of the role of non-market goods and environmental amenities. It will be capable of analyzing impacts not only across sectors but also across socioeconomic groups (e.g., income brackets). At the core of the CGE model is the I-O table presented here. Thus, the MAR CGE model utilizes the best features of I-O, but is able to extend the analysis to the workings of markets and behavioral responses to climate change.
